Recent empirical and theoretical studies on mitochondrial DNA (mtDNA) variation in higher animals have suggested that the extent of mtDNA polymorphism is largely affected by spatial population subdivision. To examine this we studied mtDNA polymorphism in two subspecies of Drosophila sulfurigaster: D. s. albostrigata and D. s. bilimbata. Drosophila sulfurigaster albostrigata is mainly distributed on the mainland of Southeast Asia. In contrast, D. s. bilimbata forms discontinuous populations on many islands scattered in the Pacific Ocean. Because of the difference in their distribution patterns, the two subspecies are thought to be different in the extent of spatial population subdivision. mtDNA was isolated from >50 isofemale strains for each subspecies and were analyzed by eight restriction endonucleases. Nucleotide diversity within a population was higher in D. s. albostrigata than in D. s. bifimbata. However, haplotype diversity was 1.6 times greater in D. s. bilimbata (0.85) than in D. s. albostrigata (0.53). The large difference in overall heterogeneity was attributed to the difference in interpopulational nucleotide diversity. For the two subspecies the proportion of interpopulational gene diversity in a subdivided population was calculated to be 0.54 in D. s. bilimbata and 0.40 in D. s. albostrigata. These observations indicate that spatial population subdivision is a major factor in determining mtDNA polymorphism in these subspecies. The extent of mtDNA divergence between the subspecies was very high. The average nucleotide divergence between them was 7.6%, which is almost the interspecific level reported for other Drosophila species. The cause of the high degree of mtDNA divergence is discussed.
Introduction
Extensive polymorphism of mitochondrial DNA (mtDNA) has been reported in many specie: of higher animals (Avise and Lansman 1983; Avise 1986 ). These species also revealed geographic differentiation of mtDNA haplotype frequencies. By contrast, humans (Brown 1980) , house mice (Ferris et al. 1983) , and some marine organisms (Graves et al. 1984; Avise et al. 1986 ) have shown a low degree of polymorphism and a low degree of geographic differentiation of haplotype frequencies. At the mtDNA level there are some common features among these less polymorphic and less diversified species: lack of geographic barriers within their range (Avise et al. 1987 )) high mobility (Ferris et al. 1983 ) , and unusual patterns of life history ). On the basis of these observations and theoretical studies (Avise et al. Mitochondrial Polymorphisms in Drosophila sulfurigaster 105
1984; Takahata and Palumbi 1985) , it was argued that the extent of mtDNA polymorphism empirically observed in a species is dependent on its contemporary structure of geographic distribution rather than on its evolutionary history.
Comparison of mtDNA polymorphisms among species which have different patterns of distribution may clarify the effect of spatial population subdivision on mtDNA polymorphism. In such a case, however, we cannot use distantly related species, because genetic conditions that affect intraspecific variability of mtDNA, e.g., the modes of transmission and mutation rate, are apparently different among different kinds of organisms. Moreover, each species has its own life history and demographic peculiarities, which affect the mtDNA diversity (Chapman 1989) . Therefore, to substantiate the relationship between mtDNA polymorphism and spatial population subdivision, it is necessary to compare in the same (or closely related) species mtDNA polymorphism among populations which are geographically divided to various extents.
In the present study, we examined mtDNA polymorphism in two subspecies of Drosophila: D. sulfurigaster albostrigata and D. s. bilimbata. These two subspecies are the members of the D. nasuta species subgroup and are genetically very closely related (Takanashi 1983) . Drosophila suljiirigaster albostrigata is primarily distributed in a continuous fashion over the Southeast Asiatic continent. Drosophila sulfurigaster bilimbata forms widely scattered populations on many islands in the Pacific Ocean (Kitagawa et al. 1982) . The difference in geographic structure of habitat between these two subspecies may provide a good opportunity to study the effect of spatial population subdivision on mtDNA polymorphism.
Material and Methods

Collection of Plies
Wild strains of Drosophila sulfurigaster albostrigata and D. s. bilimbata were collected from 19 localities in Southeast Asia and several islands on the Pacific Ocean (table 1). Since D. s. albostrigata is distributed continuously on the mainland of Southeast Asia, we grouped small collection sites into four large regions which were designated as Philippines, Borneo island, Malay peninsula, and Thailand-Burma (referred to as populations in table 1).
Laboratory Procedure mtDNA was isolated from adult flies of an isofemale line. mtDNA was extracted from adult flies ( l-5 g) by using the alkaline lysis procedure as described by-Tamura and Aotsuka ( 1988), with some modifications for larger-scale extraction.
Restriction-endonuclease digestions of all mtDNA samples were performed using eight enzymes (HindIII, EcoRI, XbaI, PstI, SacI, AvaI, HaeIII, and MspI) according to the supplier's instruction (Nippon Gene Co., Ltd.).
Gel electrophoresis was carried out with 0.7% 1.2% horizontal, submarine, agarose slab gel in TAE (40 mM T&acetate, 1 mM ethylenediaminetetraacetate) buffer (Maniatis et al. 1982) . The gel was stained with ethidium bromide, and the digest profile was visualized by illumination with ultraviolet light.
Restriction-cleavage maps of mtDNA were constructed by analyzing the lengths of single-and double-digested fragments. The length of the fragments was determined on the gel by using Sty1 digests of lambda phage DNA as standards. Sequential double digestion (Maniatis et al. 1982 ) was also carried out to map the sites for the 4-bp recognition enzymes (Rae111 and MspI ) . 
Data Analysis
The sequence divergence in base substitutions per nucleotide site (d) between mtDNA haplotypes was estimated from the proportion of the shared restriction sites by using formula (9) of Nei and Li ( 1979 ) . Calculations of d for restriction enzymes having six-base or four-base recognition sites were done separately and were averaged according to the total number of nucleotides recognized by both types of enzymes.
The extent of mtDNA polymorphism in subspecies was studied by haplotype diversity (A) and nucleotide diversity (SC) [ eq. ( 7 ) and ( 18 ) of Nei and Tajima ( 198 1) , respectively]. The extent of restriction-site difference between populations (&) was measured by Nei and Tajima's equation (24)) whereas the proportion of interpopulational gene diversity in a subdivided population ( G,) was measured by Nei's ( 1987 ) equation (8.27).
Results
An example of the patterns of mtDNA digestion by Hind111 is shown in figure  1 . In Drosophila suljiirigaster bilimbata no variation in total mtDNA molecular size was found (lanes 6-10). By a comparison of the mobility of mtDNA digests on gels with markers, the size of mtDNA in this subspecies was estimated to be -16,200 bp. On the other hand, three length variants were found in D. S. albostrigata, and the estimated lengths of these variants were 16,150, 16,350, and 16,550 bp. Comparison of the restriction maps (mentioned below) for these three length variants with the sequence data of D. yakuba suggested that the length variations in D. s. albostrigata occurs in the A + T-rich region of mtDNA. This was confirmed by our sequencing analyses (data not shown). Aside from the length vari- Downloaded from https://academic.oup.com/mbe/article-abstract/8 
Discussion
Both it and rt were -1.5 times as high in Drosophila sulfurigaster bilimbata as in D. s. albostrigata. In D. s. albostrigata six mtDNA haplotypes were found among 52 strains, 34 (65.4%) of which had haplotype Al, whereas in D. s. bilimbata a total of 11 different mtDNA haplotypes were found among 56 strains. Geographic differentiation of mtDNA haplotype frequencies was significant in D. s. bilimbata but not in D. s. albostrigutu (see table 3 ). The average dA was considerably higher in D. s. bilimbatu ( 1.52) than in D. s. albostrigata (0.41). Conversely, ijx was higher in D. s. albostriguta (0.95 ) than in D. s. bilimbata (0.6 1). To evaluate the interpopulational divergence of mtDNA, the proportion of mtDNA variability attributable to population differentiation, i.e., GSt) (Nei 1987) , was estimated for each subspecies. GS was considerably higher in D. s. bilimbata (0.541) than in D. s. albostriguta (0.396) . Thus, the large difference in the extent of it between the two subspecies can be attributed to (authors' unpublished data) and ~0.1 in most organisms (Nei 1987 ) .] . This indicates that spatial population subdivision has an important effect on mtDNA diversity. Sequence divergence between mtDNA haplotypes in several Drosophila species has been estimated by restriction analysis: 1.49%-3.29% in D. simulans (Solignac et al. 1986 (Chang et al. 1989 (table 2) . These values were in the range that typically was reported for the sequence divergence of mtDNA haplotypes in Drosophila.
The nucleotide sequences of D. s. albostrigata and D. s. bilimbata differ by an average of 7.59% (range 5.33%-10.08%; table 2 and fig. 3 ). This magnitude of differentiation is very large and reaches almost the interspecific level observed in the D. melanogaster species subgroup ). This suggests that these two subspecies have been separated for a long evolutionary time, despite the fact that they are not fully reproductively isolated (Takanashi 1983) .
It is known that introgressive events cause the sharing of the same mtDNA haplotypes between different species with incomplete isolation mechanisms (Ferris et al. 1983; Powell 1983; Solignac 1986 Takanashi 1983) , there was no sign of introgressive hybridization between them. On the contrary, the high level of mtDNA divergence observed suggested that spatial or geographical isolation can cause differentiation of mtDNA between taxa even in the absence of complete reproductive isolation.
